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Summary  Navigation  and  obstacle  avoidance  are  the  most  important  task  for  any  mobile
robots. This  article  presents  the  Adaptive  Neuro-Fuzzy  Inference  System  (ANFIS)  controller  for
mobile robot  navigation  and  obstacle  avoidance  in  the  unknown  static  environments.  The  dif-
ferent sensors  such  as  ultrasonic  range  ﬁnder  sensor  and  sharp  infrared  range  sensor  are  used
to detect  the  forward  obstacles  in  the  environments.  The  inputs  of  the  ANFIS  controller  are
obstacle distances  obtained  from  the  sensors,  and  the  controller  output  is  a  robot  steering
angle. The  primary  objective  of  the  present  work  is  to  use  ANFIS  controller  to  guide  the  mobile
robot in  the  given  environments.  Computer  simulations  are  conducted  through  MATLAB  soft-
ware and  implemented  in  real  time  by  using  C/C++  language  running  Arduino  microcontroller
based mobile  robot.  Moreover,  the  successful  experimental  results  on  the  actual  mobile  robot
demonstrate  the  effectiveness  and  efﬁciency  of  the  proposed  controller.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
dIntroductionANFIS  controller  plays  a  vital  role  in  the  ﬁeld  of  mobile
robots.  Li  et  al.  (1997)  and  Zhu  and  Yang  (2007)  have
 This article belongs to the special issue on Engineering and Mate-
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licenses/by-nc-nd/4.0/).esigned  the  behaviour-based  neuro-fuzzy  method  for
obile  robot  navigation  in  an  unstructured  environment.
lgabri  et  al.  (2015)  have  optimized  the  fuzzy  logic  con-
roller  using  various  soft  computing  techniques  such  as
article  swarm  optimization  (PSO),  genetic  algorithm  (GA),
nd  neural  network  for  mobile  robot  navigation.  Montiel
t  al.  (2015)  have  used  the  bacterial  potential  ﬁeld  (BPF)
ethod  for  optimizing  the  navigation  path  length  of  the
obile  robot.  In  Lee  and  Chiu  (2009)  and  Rusu  et  al.  (2003),
he  authors  have  presented  the  sensor-based  neuro-fuzzy
echnique  for  mobile  robot  navigation  in  indoor  environ-
ents.  Baturone  et  al.  (2014)  have  described  the  navigation
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Table  1  Some  training  dataset  for  the  ANFIS  controller.
Sf (m)  Sl (m)  Sr (m)  Ga (◦)  Sa (◦)
1.21  0.70  1.21  16.3  —
1.01 0.51  1.06  —  −36
0.94 0.47  0.99  —  38
0.49 0.53  0.56  —  36
0.52 1.08  0.72  −37  —
0.525 1.13  0.97  −42  —
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Migure  1  Sensor  distribution  for  mobile  robot  navigation.
roblem  of  an  autonomous  car-like  wheeled  mobile  robot
sing  low-cost  embedded  neuro-fuzzy  controller.  Motivated
y  the  cited  references,  the  primary  objective  of  this  arti-
le  is  to  guide  the  mobile  robot  in  the  unknown  and  indoor
nvironment  using  ANFIS  controller.  The  inputs  of  the  ANFIS
ontroller  are  the  obstacle  distances  received  from  the  var-
ous  sensors  and  the  goal  angle.  The  output  of  the  controller
s  a  robot  steering  angle.
esign of ANFIS controller for mobile robot
avigation and obstacle avoidance
his  section  presents  the  design  of  ANFIS  controller  (AC)
or  mobile  robot  navigation  and  obstacle  avoidance  in  the
nknown  static  environments.  The  proposed  controller  is
sed  for  controlling  the  steering  angle  of  the  mobile  robot
n  the  environment.  The  proposed  AC  has  four  inputs  and
 single  output.  The  ﬁrst  three  inputs  are  the  obstacle  dis-
ances,  which  are  received  from  the  front,  left,  and  right
ensors  (see  Fig.  1)  of  the  robot.  These  sensors  read  the
bstacle  from  0.2  m  to  1.5  m  approximately.  The  ﬁrst  three
nputs  are  denoted  by  front  sensor  reading  (Sf),  left  sensor
eading  (Sl),  and  right  sensor  reading  (Sr),  respectively.  The
ourth  input  is  the  goal  angle  (heading  angle)  between  the
obot  and  goal,  which  is  denoted  by  Ga.  The  two  Gaussian
inguistic  variables,  namely  NEAR  and  FAR,  respectively,  are
elected  for  Sf,  Sl,  and  Sr.  Similarly,  the  Ga uses  two  Gaussian
inguistic  variables,  namely  NEGATIVE  and  POSITIVE,  respec-
ively.  The  output  of  the  AC  is  addressed  by  steering  angle
Sa).  The  range  of  output  is  between  −80◦ (turn  right)  to  80◦
turn  left).  When  the  obstacles  are  detected  on  the  right
ide  of  the  robot,  then  the  robot  turns  left.  Similarly,  when
he  obstacles  are  detected  on  the  left  side  of  the  robot,
hen  the  robot  turns  right.  Table  1  describes  the  some  train-
ng  dataset  for  the  AC,  which  assists  the  robot  to  reach  the
oal  without  any  collision.
ANFIS  is  the  product  of  Takagi—Sugeno  fuzzy  inference
ystem  and  artiﬁcial  neural  networks  (ANN).  The  ANFIS  uses
he  dataset  to  generate  the  rules  and  membership  func-
ion.  Fig.  2  illustrates  the  basic  architecture  of  the  proposed
NFIS  controller.  In  Fig.  2,  x1,  x2,  x3,  x4 and  f  addresses
he  input  variables  (Sf,  Sl,  Sr,  Ga)  and  output  variable  (Sa),
espectively.  The  proposed  ANFIS  has  ﬁve  layers,  which
w
sigure  2  The  basic  architecture  of  the  proposed  ANFIS  con-
roller.
erforms  the  different  action  for  the  controller.  The  ﬁrst
ayer  generates  the  membership  grade  for  the  input  vari-
bles.  The  second  layer  represents  the  rule  base  of  the  AC.
he  third  layer  is  called  as  normalization  layer,  which  plays
n  important  role  in  the  AC.  The  fourth  layer  represents  the
utput  membership  function.  The  last  (ﬁfth)  layer  calculates
he  output  (steering  angle)  through  the  weighted  average
ethod.  The  proposed  AC  controller  is  composed  through
ero-order  Takagi—Sugeno  model  in  the  following  form:
ulei : If x1 is Mi1, x2 is Mi2, x3 is Mi3, & x4 is Mi4 THEN fi = pi (1)
here  i =  1,  2,  3,  .  . ., 16  (sixteen  rules),  the  Mi1,  Mi2,  Mi3,
nd  Mi4 are  the  fuzzy  sets  of  the  input  variables,  and  pi
s  the  constant  (number).  The  fuzzy  set  Mij has  Gaussian
embership  function:
ij(xj;  c,  )  =  exp
[
−1
2
(
xj −  cij
ij
)2]
(2)
here  j =  1,  .  .  ., 4  (four  input  variables),  the  cij,  and  ij
re  the  centre,  and  width  of  the  each  Gaussian  mem-
ership  function,  respectively.  The  defuzziﬁcation  of  the
utput  (steering  angle)  is  calculated  by  the  weighted  aver-
ge  method:
i =
∑16
i=1(ij(xj; c,  ))  ·  pi∑16
i=1(ij(xj;  c,  ))
(4)
The  proposed  AC  is  veriﬁed  through  the  mean  squared
rror  (M.S.E.)  method:
.S.E.(%)  =
[∑k
1
(
Sa −  Sp
k
)2]
×  100 (5)here  Sa is  the  actual  steering  angle,  Sp is  the  predicted
teering  angle  value,  and  k  is  the  number  of  observations.
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Figure  3  Navigation  of  a  mobile  robot  in  an  unknown  envi-
ronment  using  ANFIS  controller.
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RFigure  4  Navigation  of  a  mobile  robot  in  an  indoor  environ-
ment using  ANFIS  controller.
Simulation and experimental studies
This  section  illustrates  the  successful  simulation  and  exper-
imental  results  of  the  mobile  robot  in  the  different  type  of
environments.  The  simulations  are  conducted  through  the
MATLAB  graphical  user  interface  (GUI)  on  the  HP  laptop  and
implemented  it  in  real  time  by  using  Arduino  microcontroller
Z423
ased  wheeled  mobile  robot  (see  Fig.  1).  Figs.  3  and  4  show
he  simulation  and  experimental  result  of  the  mobile  robot
avigation  in  the  unknown  and  indoor  environment  using
NFIS  controller,  respectively.  The  width  and  height  of  the
nvironment  are  2.5  m  and  2.5  cm,  respectively.  When  the
bstacles  are  detected  on  the  front,  left,  and  right  side  of
he  robot,  then  the  ANFIS  controller  is  activated,  and  the
obot  adjusts  its  steering  angle  according  to  the  controller
utput.
onclusion
his  article  introduces  an  Adaptive  Neuro-Fuzzy  Inference
ystem  (ANFIS)  controller  for  mobile  robot  navigation  and
bstacle  avoidance  in  the  given  environments.  The  pro-
osed  controller  helps  the  mobile  robot  to  reach  the  goal
n  the  environments  without  any  collision.  The  simulation
nd  experimental  studies  show  the  superiority  of  the  pro-
osed  ANFIS  controller.  In  future,  this  proposed  controller
an  be  extended  for  dynamic  obstacle  problems.
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